I. Introduction
===============

Odontoblasts are post-mitotic, neural crest-derived cells, which differentiate according to tooth-specific temporospatial patterns. Their terminal differentiation is characterized by several steps implying the withdrawal from the cell cycle, elongation, and cytological polarization, as well as transcriptional and translational modifications, that allow the cells to synthesize the pre-dentin and dentin matrix \[[@B19]\]. It is now well known that the inner dental epithelium exerts control over the terminal differentiation of odontoblasts through basement membrane-mediated interactions. The basement membrane may act as a specific substrate and a reservoir for paracrine and autocrine factors \[[@B4]\]. Indeed, several growth factors, including the FGF family, the TGFβ superfamily and IGF1, which promote odontoblast differentiation, have been detected in the basement membrane \[[@B3], [@B4], [@B11], [@B19]\]. These growth factors have also been shown to promote osteoblast growth, differentiation, and production of extracellular matrices \[[@B12], [@B14], [@B16]\]. As the precise mechanism of dentinogenesis is still not well defined, we conjectured that certain factors that associate with the basement membrane and their receptors expressed in odontoblasts among cells responsible for calcified tissue formation might be involved in dentin-specific morphogenesis and function.

Angiopoietin-1 (Ang1) plays essential roles in balancing angiogenesis and vascular stabilization \[[@B2], [@B6]\]. Tie2 is a receptor phosphotyrosine kinase that is preferentially expressed in the vascular endothelium. Tie2 is a member of the Tie family and functions as a receptor for Ang1 \[[@B2], [@B6]\]. The Ang1 family consists of Ang1, Ang2, Ang3, and Ang4. Of these, Ang1 and Ang2 are well characterized. Ang1, predominantly expressed in perivascular cells such as pericytes, fibroblasts, and tumor cells, binds to and activates Tie2 in a paracrine manner, while Ang2, which has similar affinity to Tie2, competes with Ang1 to bind with Tie2. Ang1-Tie2 is essential for ischemia-induced angiogenesis and tumor angiogenesis \[[@B2], [@B6]\]. Mice that are deficient in either Ang1 or Tie2 have disrupted vasculature, resulting in increased permeability, compromised vascular function and ultimately embryonic death \[[@B5], [@B23]\]. *In vitro* experiments showed that Ang1 has the ability to bind with components of the basement membrane as well as to type I collagen \[[@B7], [@B29]\]. Moreover, several reports described that osteoblasts expressed Ang1 but not Tie2 \[[@B24], [@B28], [@B31]\], and that Ang1 induced bone formation by facilitating angiogenesis \[[@B24]\], whereas others reported that Ang1 synergistically enhanced BMP-induced bone formation \[[@B10]\]. However, the expression of Ang1 and Tie2 in tooth has yet to be examined.

In this study, we investigated the expression and localization of Ang1 and Tie2 in the developing and mature teeth to estimate the role of Ang1 in odontogenesis.

II. Materials and Methods
=========================

Tissue preparation
------------------

All experiments were reviewed by the Committee on the Guidelines for Animal Experimentation of Nagasaki University and performed according to the recommendations or under the conditions proposed by the committee. Pregnant and 8-week-old ICR mice were obtained from Texam Corp. (Nagasaki, Japan). At embryonic day 17 (E17), E18 postnatal day 3 (P3), P8 and P15, the animals were sacrificed under deep anesthesia, and the mandibles were excised and then immersed in 4% paraformaldehyde (PFA) in 0.01 M phosphate-buffered saline (PBS, pH 7.4) at 4°C overnight. Following decalcification with 10% ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA) for 3 days at 4°C, the specimens were dehydrated, embedded in paraffin and sagittally sectioned at a thickness of 4 µm. Eight-week-old mice were sacrificed, the mandibles were resected and fixed as described above, and then decalcified for 2 weeks with 10% EDTA. Some sections were stained with hematoxylin and eosin (HE), and examined under a light microscope. For western blotting, tissue lysate were prepared from first molar tooth germs of the mandible of ICR mice at E18. The excised tooth germs were homogenized in the presence of 50 µl of RIPA lysis buffer (Atto Corp., Tokyo, Japan) with Biomasher (Nippi, Inc., Tokyo, Japan) on ice, and centrifuged at 15,000 rpm at 4°C. The supernatant was used as loading samples.

Immunohistochemical and immunofluorescent microscopic analyses
--------------------------------------------------------------

Immunohistochemistry was performed as reported previously \[[@B18]\]. Sections were immersed in 0.3% hydrogen peroxidase to block endogenous peroxidase activity. After incubation with 1% bovine serum albumin (BSA) in PBS for 30 min at room temperature (RT), the specimens were reacted with antibodies for Ang1 diluted to 1:200, Tie2 diluted to 1:50 (both from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) or nestin diluted to 1:200 (EMD Millipore Corp., Billerica, MA, USA) for 1 hr at RT. As secondary antibodies, horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibodies (Amersham Biosciences Corp., Piscataway, NJ, USA) were used. Immunosignals were visualized with 3,3\'-diaminobenzidine (Sigma Aldrich, Steinheim, Germany). To retrieve antigens for the anti-Ang1 antibody, specimens were treated with 1 µg/ml proteinase K (Wako Pure Chemical Industries, Osaka, Japan) for 10 min at RT before the blocking procedure. Sections were counterstained with methyl green. For immunofluorescent microscopic analysis, Alexa Fluor 488 goat anti-rabbit antibody diluted to 1:400 and Alexa Fluor 594 rabbit-anti goat antibody diluted to 1:400 were used as secondary antibodies (both from Molecular Probes, Eugene, OR, USA). For double immunofluorescent microscopic analysis of Ang1 and nestin, antigen retrieved with proteinase K was omitted to protect immunosignals for nestin. 4\',6-diamidino-2-phenylindole (DAPI) was used for counterstaining. Fluorescent signals were visualized using a confocal laser microscope (LSM5 PASCAL; Carl Zeiss, Oberkochen, Germany).

In situ hybridization
---------------------

DNA fragments of mouse Ang1 were amplified using mouse kidney cDNA as a template with 5\'primer (5\'-AAGAGCAAGCTTTGCAGGAG-3\') and 3\'primer (5\'-CAAGTTTTTGCAGCCACTGA-3\'), and subcloned into pGEM-T easy vector. Digoxigenin-labeled complementary RNA probes were produced with T7 polymerase for antisense and Sp6 polymerase for sense (both from Life Technologies, Carlsbad, CA, USA). In situ hybridization was performed as described previously, with slight modification \[[@B21]\]. After treatment with 10 µg/ml proteinase K (Wako Pure Chemical Industries) for 15 min at 37°C, sections were hybridized with probes (1 µg/ml) for 16 hr at 37°C. After washing with 0.1×SSC at 40°C, sections were treated with 0.5 µg/ml ribonuclease A (Wako Pure Chemical Industries) for 30 min at 37°C. The signals were visualized using alkaline phosphatase-conjugated anti-digoxigenin antibody Fab fragments with 4-nitro blue tetrazolium salt/5-bromo-4-chloro-3-indolyl-phosphate (both from Roche Diagnostics, Mannheim, Germany).

Western blotting
----------------

Lysate of tooth germ at E18 (30 µg/lane) was separated under reducing conditions on 5% SDS polyacrylamide gel (Super Sep, Wako Pure Chemical Industries, Osaka, Japan) and transferred to PVDF membrane (Atto Corp., Tokyo, Japan). The blot was blocked with 5% BSA in Tris-buffered saline with 0.2% tween 20 (TBST) overnight at 4°C and incubated with anti-Tie2 or anti-phosphorylated Tie2 antibodies (1:1000, Merck Millipore, Darmstadt, Germany) for 3 hr at RT. After washing with TBST, HRP-conjugated anti-rabbit or anti-mouse antibodies (1:2000, Amersham Biosciences Corp., Piscataway, NJ, USA) were applied and incubated for 1 hr at RT. Following the final wash, the blot was incubated with ECL Prime Western Blotting Detection Reagent and the signal was detected with image analyzer, ImageQuant LAS 4000mini (both from GE Healthcare UK Ltd., Buckinghamshire, UK).

III. Results
============

Distribution of Ang1 and Tie2 at the onset of odontoblast differentiation
-------------------------------------------------------------------------

In the first molar of mouse mandible, differentiation of odontoblasts begins in mesenchymal cells of the dental papilla at the tip of the future cusp at E18 (Fig. [1](#F1){ref-type="fig"}a). For the purpose of illustration, the differentiation sequence of odontoblasts and their positional relationships to ameloblasts are shown in Figure [1](#F1){ref-type="fig"}b. Mesenchymal cells in contact with the basement membrane differentiate into odontoblasts. Mature odontoblasts are columnar polarized cells with eccentric nuclei, odontoblast processes, and secretion of dentin matrices. After deposition of dentin matrices, preameloblasts opposing odontoblasts fully differentiate and begin to produce enamel matrix.

We explored the distribution of Ang1 and Tie2 at the onset of odontoblast differentiation in the first molar of the mouse mandible at E18. Immunosignals for anti-Ang1 antibody were intensely detected around the region of basement membrane of the crown except for the cervical loop (Fig. [1](#F1){ref-type="fig"}c). Higher magnification showed that Ang1-immunosignals were localized at the distal side of odontoblasts and basement membrane, and faintly in ameloblasts (Fig. [1](#F1){ref-type="fig"}c, d, e). At the site near the occlusal pit, pre-ameloblasts were negative for Ang1 (Fig. [1](#F1){ref-type="fig"}c, d). *In situ* hybridization for Ang1 mRNA also showed that Ang1 was expressed in odontoblasts and ameloblasts, but not in preameloblasts (Fig. [1](#F1){ref-type="fig"}f). Immunosignals for anti-Tie2 antibody were localized in the distal side of odontoblasts (Fig. [1](#F1){ref-type="fig"}g, h). Cellular processes of columnar odontoblasts elongating into dentin matrices were positively stained with Tie2 antibody (Fig. [1](#F1){ref-type="fig"}g). Endothelial cells of the capillaries in the pulp horn were also positive for Tie2 (Fig. [1](#F1){ref-type="fig"}h). On the contrary, mesenchymal cells adjacent to epithelium at E17, one day before the beginning of odontoblast differentiation, were Tie2-negative, although endothelial cells at outside of the tooth germ were Tie2-positive (Fig. [1](#F1){ref-type="fig"}i). Western blotting was performed to confirm the expression of Tie2 in tooth germ of mandible at E18. As shown Figure [1](#F1){ref-type="fig"}i, anti-Tie2 antibody labeled two bands at approximately 150 kDa. Immunoblotting with anti-phosphorylated Tie2 antibody labeled a single band, estimated to the lower band reacted with anti-Tie2 antibody.

Distribution of Ang1 and Tie2 in the developing tooth after birth
-----------------------------------------------------------------

After birth, the layer of odontoblasts elongates to form the root of the tooth. Unlike osteocytes, odontoblasts are never entrapped in the dentin matrix, but the cell process that is left behind in the dentin matrix constitutes the odontoblast process surrounded by the dentinal tubule. We performed immunohistochemical analyses for Ang1 and Tie2 proteins in the mouse mandible at P3, P8 and P15. At P3, immunosignals for anti-Ang1 and anti-Tie2 antibodies were extended in the whole crown except for the cervical loop (Fig. [2](#F2){ref-type="fig"}a, d, e). Ang1 immunosignals were detected in the predentin and odontoblasts (Fig. [2](#F2){ref-type="fig"}a), whereas Tie2 immunosignals were strictly localized at the distal side of odontoblasts including odontoblast processes (Fig. [2](#F2){ref-type="fig"}d, e). Ameloblasts were positive for Ang1 (Fig. [2](#F2){ref-type="fig"}a, b) but negative for Tie2 after birth (Fig. [2](#F2){ref-type="fig"}d, e). At P8, when crown formation was almost completed, Ang1 immunosignals in odontoblasts were decreased compared with those at P3, although those in predentin remained (Fig. [2](#F2){ref-type="fig"}b). In the developing root at P15, immunosignals for anti-Ang1 antibody were localized in odontoblasts and the dentin matrix, whereas Tie2 was localized in the distal side of odontoblasts including odontoblast processes, just like in the crown (Fig. [2](#F2){ref-type="fig"}c, f). Osteoblasts, cementoblasts and cells in periodontal ligament were also positive for Ang1, but negative for Tie2 (Fig. [2](#F2){ref-type="fig"}c). Fibers in periodontal ligament were also positive for Ang1 (Fig. [2](#F2){ref-type="fig"}c).

Confocal laser microscopic findings of immunosignals for Ang1 and Tie2
----------------------------------------------------------------------

To determine the exact odontoblast stage that produces each protein, we performed double immunofluorescent microscopic analysis by using antibody against nestin, an intermediate filament that has been used as a marker of odontoblasts \[[@B9], [@B26]\]. At E18, immunosignals for Ang1 were detected in a subset of nestin-positive odontoblasts (Fig. [3](#F3){ref-type="fig"}a). The basement membrane was not stained with Ang1-antibody because the antigen retrieval step with proteinase K was omitted to protect the immunosignals for nestin. At 8 weeks after birth, immunosignals of Ang1 and Tie2 were colocalized at the distal side of odontoblasts. Ang1 signals were also seen in the predentin (Fig. [3](#F3){ref-type="fig"}c). At higher magnification, the colocalization of Ang1 and Tie2 in dentin tubuli was clearly seen (Fig. [3](#F3){ref-type="fig"}d).

IV. Discussion
==============

Ang1 is known to be a potent angiogenic inducer, but little is known regarding its effect on non-endothelial cells. In this study, we showed Ang1 was expressed in odontoblasts and deposited in the basement membrane, and subsequently in the dentin matrix and predentin. Double immunofluorescent microscopic analysis with anti-nestin antibody confirmed that nestin-positive differentiated odontoblast expressed Ang1 and Tie2. Western blotting revealed expression of Tie2 and its phosphorylation in tooth germ at E18. These results suggested that Ang1 and Tie2 were coexpressed in differentiated odontoblasts in developing and mature tooth and generated autocrine signals.

Immunosignals for Tie2 in osteoblasts were negligible in contrast to those in odontoblasts, as described previously \[[@B24], [@B28], [@B31]\]. In addition, we found that cementoblasts and ameloblasts were negative for immunosignals for Tie2. These results indicated selective expression of Tie2 in odontoblasts among cells participating in calcified tissue formation, and suggested the involvement of Ang1-Tie2 signals in dentin-specific morphology and function. Some reports suggested that the autocrine signaling of Ang1 is involved in several pathological conditions, such as rheumatoid arthritis \[[@B25]\], gastric cancer \[[@B27]\], thyroid tumors, and adenomatous goiters \[[@B17]\]. To the best of our knowledge, however, there are no reports of autocrine signaling of Ang1-Tie2 under physiological conditions. This is the first observation of the possible involvement of autocrine Tie2 signaling in physiological cells.

Ang1 has the ability to bind with type I collagen, and the components of the basement membrane \[[@B7], [@B29]\]. As type I collagen, the main component of dentin matrices, is deposited into the basement membrane at an early stage of dentinogenesis \[[@B19]\]. We conjectured that Ang1 in the basement membrane might contribute to promote the deposition of dentin matrices in the basement membrane. In addition, two groups demonstrated that Tie2 was recruited and anchored to cell-substratum contacts by extracellular matrix-bound Ang1 to form novel adhesive structures, which are different from focal contacts that generally involve integrins \[[@B7], [@B20]\]. On the adhesive structures, the phosphorylated Tie2 activates Erk either through accelerating the formation of focal contacts or partly activating FAK, a component of focal contact, or both, and consequently induces the migration of endothelial cells. Migration entails the polarization of the cell, and subsequent changes of cell shape are mostly driven by the reorganization of the cytoskeleton \[[@B22]\]. In addition, the expression of integrin evβ3 in both odontoblasts and endothelial cells has been reported \[[@B13]\]. Our results suggested that Ang1 deposited in the basement membrane recruited Tie2 to the distal side, and that the signal regulated cellular dynamics by promoting focal contact and reconstruction of the cytoskeleton, which organized the odontoblast-specific morphology in the initial stage of dentinogenesis. In addition, the adhesive structures formed by Ang1 and Tie2 in mature dentin would seem to play roles in the homeostasis of the odontoblasts.

Previous electron microscopic study revealed that capillaries began to invade into the odontoblast layer during odontogenesis and were finally located close to the predentin in accordance with the active production of dentin matrices by odontoblasts \[[@B30]\]. The expression of Ang1 in odontoblasts and Tie2 in endothelial cells in the pulp horn at the onset of odontoblast differentiation suggested that Ang1 secreted from odontoblasts contributed to the invasion of capillaries into the odontoblast layer.

The expression of Ang1 in ameloblasts and the deposition of Ang1 in the basement membrane, but not in the enamel matrix, suggested that ameloblasts also contributed to the deposition of Ang1 in the basement membrane, but Ang1 was not directly involved in amelogenesis. Interestingly, previous studies showed the expression of vascular endothelial growth factor in ameloblasts \[[@B1], [@B8]\]. We conjectured that the expression of Ang1 in ameloblasts may contribute to induce capillaries in the enamel organ. Nestin is known to be one of the markers not only of odontoblasts \[[@B9], [@B26]\], but also of endothelial cells of immature and newly formed microvessels \[[@B15]\]. These results suggested an association of the biological mechanisms of odontogenesis with those of angiogenesis.

In conclusion, we showed that Ang1 was deposited in the basement membrane and dentin matrix, and its receptor Tie2 was selectively expressed in odontoblasts among the cells responsible for calcified tissue formation. Colocalization of Ang1 and Tie2 in odontoblasts from embryonic to adult stages suggested their involvement in dentinogenesis and the homeostasis of odontoblasts. In addition, Tie2 could be a new useful marker to identify odontoblasts among other cells responsible for calcified tissue formation. To elucidate the biological significance of Ang1-Tie2 complex in dentinogenesis, further functional analysis is required.

This study was funded by Nagasaki University. The authors declare no potential conflicts of interest with respect to the authorship and/or publication of this article.

![Distribution of Ang1 and Tie2 in the first molar tooth of the mouse mandible at E17 and E18. (**a**) HE staining of the first molar of mandible at E18. (**b**) A schema of odontoblast differentiation, showing their positional relationships with basement membrane and ameloblasts. (**c, d, e**) Immunohistochemistry for Ang1 in the first molar at E18. (**d**) Higher magnification of the rectangle in (**c**). (**e**) Higher magnification of the rectangle in (**d**). Lower panel is HE staining of the region corresponded to upper one. Ang1 immunosignals in the distal side of odontoblasts (white arrows) and the proximal side of ameloblasts (a black arrow) in addition to the basement membrane (asterisks). Preameloblasts (an arrowhead) are negative for Ang1. (**f**) *In situ* hybridization for Ang1 mRNA. Positive signals in odontoblasts (a white arrow) and ameloblasts (a black arrow) and negative signals in pre-ameloblasts (an arrowhead). (**g**) Tie2 immunosignals in the central and distal cusps. (**h**) Higher magnification of the rectangle in (**g**). Cellular processes of odontoblasts (arrowheads) are stained positively. Endothelial cells in the pulp horn circumscribing capillaries are Tie2-positive (black arrows). (**i**) Immunostaining for Tie2 of the first molar tooth germ of mandible at E17 as a control. White and black rectangles are magnified at right panels. Undifferentiated mesenchymal cells (arrowheads) are Tie2-negative, but endothelial cells are Tie2-positive (arrows). (**i**) Western blotting of first molar tooth germ of mandible at E18 with anti-Tie2 antibody (left) and anti-phosphorylated Tie2 antibody. All bars=80 µm.](AHC13043f01){#F1}

![Distribution of Ang1 and Tie2 after birth. (**a**) Ang1 immunosignals in odontoblasts (a white arrow), predentin (a black arrow), ameloblasts (a white arrowhead) at P3. (**b**) Ang1 immunosignals at P8. Right upper panel is higher magnification of the rectangle in left panel. Right lower panel is HE staining of the same field with upper one. Predentin is clearly stained with Ang1-antibody. Hertwig's epithelial root sheath is Ang1-negative (a black arrowhead). Ang1 immunosignals in the root of the developing tooth at P15. Odontoblasts (i), osteoblasts (ii), cementoblasts (iii) and periodontal ligament (iv) are Ang1-positive. (**d**) Tie2 immunosignals at P3. (**e**) Higher magnification of the rectangle in (**d**). Tie2 signals are detected in odontoblast processes (a white arrow) embedded in the dentin matrix as well as the distal side of odontoblasts (a black arrow). (**f**) In the mandible at P15, Tie2 signals are detected in odontoblasts (i) but not in osteoblasts (ii), cementoblasts (iii), and periodontal ligament (iv). Note that ameloblasts (asterisks in **d, e**) are also Tie2-negative. Bar=80 µm.](AHC13043f02){#F2}

![Double immunofluorescent confocal laser microscopic analysis. (**a**) Distribution of Ang1 (red) and nestin (green) in differentiating odontoblasts (Od) in contact with the basement membrane (BM), facing pre-ameloblasts (Pre Am) at E18. Ang1 is localized in nestin-positive odontoblast. Without antigen retrieved with proteinase K to protect immunosignals for nestin, Ang1 immunosignals in the basement membrane were undetectable. Original magnification, ×60. (**b**) Both Tie2 (green) and nestin (red) are detected in odontoblasts and cells in the pulp horn (a white arrow) at E18. Original magnification, ×20. (**c**) Colocalization of Tie2 (green) and Ang1 (red) in the first molar of the mandible at 8 weeks after birth. Od, a layer of odontoblasts; PreD, predentin; D, dentin; original magnification, ×60. (**d**) Colocalization of Tie2 (green) and Ang1 (red) in odontoblast processes in the first molar of the mandible at 8 weeks after birth. Original magnification, ×100.](AHC13043f03){#F3}
